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ABSTRACT
Analysis and Design of an Off-Grid Residential Power System
Christopher Rotsios

This thesis aims to provide a recommended power system design for optimal
efficiency, reliability, and cost in off-grid applications. The power system examined in this
project is a residence in an off-grid community called Quail Springs that generates its
energy from roof mounted solar panels. The existing system was analyzed to see what
equipment can remain, what needs to be upsized, and what needs to be added to the
system. Two power systems are considered for the residence: a fully AC power system
and a hybrid AC/DC power system. Simulations were run in PSCAD to compare the
efficiencies of the two proposed systems at varying load. The results of the simulations
showed the hybrid power system to be generally less efficient when supplying AC and DC
loads, but greater than 5% more efficient when only supplying DC load. Although the
hybrid AC/DC system is approximately 70% more expensive, it is still the final
recommended design due to potential efficiency gains and in an effort to provide
educational opportunities that may lead to further efficiency gains in future hybrid AC/DC
power systems.
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– INTRODUCTION
There are many people in the world today that live without the luxury of access to
reliable electrical energy provided by an electric utility company. There are numerous
reasons why people live without electricity from the power grid, also known as “living offthe-grid”. For some, this is a conscious choice to live more environmentally friendly, save
money, or live without dependence on a utility company. For others that live in
underdeveloped parts of the world, there is really no choice because where they live may
be out of reach geographically that it becomes economically not viable to build the
necessary power grid infrastructure to provide electricity to them.
A major issue with electric utilities is the source of the electricity that they provide.
In 2018 in the USA, approximately 63% of energy generated on the utility scale came from
fossil fuels [1]. Many people choose to live off-the-grid to avoid contributing to the waste
of fossil fuels or other non-renewable sources of energy. As a result, solar is a popular
source of energy for those living off-the-grid. According to the National Renewable Energy
Laboratory, the time it takes for a photovoltaic system to generate the amount of energy
used to produce it is 3-4 years for current technology and 1-2 years for future
technologies [2]. This is known as the “energy payback” for photovoltaic systems as
illustrated in Figure 1-1. Considering that the expected lifespan of a photovoltaic system
is about 20 to 30 years, 87-97% of energy generated from solar panels can be considered
completely renewable.
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1-1: Energy Payback for Rooftop PV Systems [2]
The electricity provided by utilities is not usually generated close to the location
in which it will be used. This means that the electricity often must travel hundreds or even
thousands of miles on transmission lines to reach its end destination. This distance
traveled is associated with a significant amount of power transmission loss. On average,
5% of energy is lost in the transmission and distribution of electricity in the United States
[3]. These losses are not as significant in off-the-grid systems because energy is produced
relatively closely to where it will be used.
The cost of solar power has dropped significantly in recent years. The estimated
cost for residential solar in 2017 was $2.80/Wdc as depicted in Figure 1-2. This was a
0.18$/Wdc, or about 6%, decrease in price from the previous year [4]. This steady decline
in price has made solar a more feasible and affordable option for those who are choosing
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to

live

off-the-grid.

1-2: Cost of PV Systems from 2010 to 2017 [4]
The time that it takes for an installed photovoltaic system to save enough money
that it effectively pays for itself is known as the payback time. In 2015, it was estimated
that for contractor-installed photovoltaic systems, the payback time in the United States
ranges from 10.2 to 12 years. If you were to instead design and install the system yourself,
the payback period would be as small as 2.7 to 5.26 years [5]. According to Figure 1-2, the
cost of solar dropped about 12% from 2015 to 2017, so this expected payback time would
be even smaller now. Solar panels have an expected lifespan of about 30 years, so a
photovoltaic system would be saving money for the majority of its life cycle. This is a clear
financial incentive to use solar power as your main source of electricity.
Unfortunately, not everybody who lives without utility’s provided electricity does
so by choice. In 2017, just fewer than 1 billion people had no access to electricity. This
3

problem is especially serious in Sub-Saharan Africa, where 600 million people, or 57% of
the population, live without electricity [6]. The development of reliable and efficient
alternatives to utility’s provided electricity is especially important for these people. A
photovoltaic system is often much cheaper than the cost of the infrastructure required to
provide utility scale electrical power to these areas.
There are many challenges that are associated with using solely electricity
generated from an off-the-grid system. The largest issue is the fact that most renewable
sources of energy are not constantly available. For example, a solar panel at night or
during a cloudy day will output zero or very little power. These variations in power
generation cannot always be reliably predicted and can result in loss of access to
electricity. This can be solved with the use of diesel or gas generators but would result in
recurring fuel and maintenance costs and negative impacts on the environment. Another
downside is the initial cost of an off-the-grid system. If utility provided power is an option,
the significant upfront cost of installing solar panels or other means of generation can be
prohibitive. As mentioned above, if there is no readily available electric utility nearby, the
cost of installing an off-the-grid system would be much lower than the cost to bring utility
scale power to that location. A lack of understanding of electrical power systems can also
prevent somebody from converting to an off-the-grid system. If there are technical issues
with a utility scale power system, the utility is responsible for fixing it. If there is an issue
with an off-the-grid system, the owner of that system must be able to identify and fix that
issue or else they will lose access to electricity.

4

Any of the aforementioned challenges could be a reason why somebody is
hesitant about trying to live off-the-grid. Therefore, it is crucial that these concerns be
addressed in the design of an off-the-grid system. There are many approaches that can
be taken to designing such a system. If the design is as efficient and robust as possible,
while also minimizing the overall cost, many of the issues with off-the-grid living will be
minimized or even eliminated entirely.

5

Chapter 2 - BACKGROUND
As previously stated, if off-the-grid solutions can be optimized to be more
efficient, reliable, and affordable, it will be easier to implement them in underdeveloped
countries and will incentivize more people to consider voluntarily living solely off of
renewable energy that they generate themselves. One project attempting to address this
issue is the DC House Project at California Polytechnic University, San Luis Obispo. The DC
House Project aims to help bring residential scale electricity to underdeveloped countries
in areas unreachable by the power grid utilizing DC electricity and renewable energy
sources.
The DC House Project also has the objective to develop technologies which make
renewable sources of energy like solar or wind power more efficient by directly utilizing
the DC power generated by some of these sources, rather than converting to AC [7]. The
benefit of using DC power over AC power is that in most rural areas without access to grid
scale electricity, the largest electrical load is mainly lighting. Today, the LED lights are
currently the most efficient form of lighting available to consumers, as presented in Figure
2-1 [8]. These LED lights use DC electricity, and so the supporting electrical system
becomes significantly inefficient if it has to convert the DC power produced by the source
(such as solar), convert to AC, and then back to DC to power the LED lights.

6

2-1: Luminous Efficiency of Different Types of Lights [8]
The design of the DC House further allows for several different sources of DC
power to be used together in a single design. This is made possible by a Multiple-Input
Single-Output (MISO) DC-DC converter that has been previously designed for the DC
House project [9]. The ability to combine several different sources of power enables the
user to utilize multiple energy sources, such as solar panels, wind turbines, and hydro
generators. It also allows for a modular design, so a residence could initially only have a
solar panel as a source of energy and easily add a wind turbine as another source in the
future without having to drastically change the system design.
There are currently three separate prototypes of the DC House Project located
across the globe. The first prototype was an old architecture project on Cal Poly’s campus
that has been converted into a house running only on DC power generated from a single
435 Wp solar panel. The second prototype is installed in West Java, Indonesia, where the
house receives power from a 150 Wp solar panel and a 300 Wp wind turbine. The most
recent prototype was built at the Technological Institute of the Philippines as shown in
Figure 2-1, where the house receives power from a single 500 Wp solar panel [10]. These
prototypes have been used to demonstrate the functionality of DC House technologies
7

and the efficacy of the DC House, especially so for the prototypes in Indonesia and the
Philippines since these are countries where DC House technology could most likely be
implemented.

2-2: The DC House Prototype in the Philippines [10]
The DC House Project is continually undergoing improvement. The DC House
Project is comprised of several students at Cal Poly who work to maintain and improve
the DC House prototype on Cal Poly’s campus throughout the year. Additionally, there
are several students that choose to do senior projects and master’s theses involving the
DC House. These projects offer a consistent source of improvement and innovation to the
DC House Project.
8

Recently, the DC House Project team became aware of a nearby community that
has a similar goal. This community, called Quail Springs, is a non-profit organization
located about 2 hours away from Cal Poly in Maricopa, California that focuses on living
regeneratively [11]. This means that rather than just trying to use less of the earth’s
resources, the people at Quail Springs attempt to produce more than they use and leave
a positive impact in the world. Quail Springs’s focus is educating those who are
consciously choosing to live a more sustainable life, as opposed to that of the DC House
which focuses on helping individuals in developing areas of the world. Despite this
difference, the work done by both groups is mutually beneficial to each other.
Quail Springs history is summarized in [12]. The project began in 2004 when its
founders acquired 450 acres of land in Cuyama Valley. Since the purchase of the land the
team at Quail Springs has returned the titular spring located at the site to producing 4060 gallons per minute. Additionally, there are currently 12 staff members and 25-35 yearly
educational programs with the goal of sharing the information and experiences about
permaculture and natural building that they have gained over the years of living at Quail
Springs with others. In [13], “permaculture” is defined as “an integrated design science
based on ecological principles that create resource efficient and productive human
environments.”
Cal Poly and Quail Springs have a history of partnership. In 2018, Cal Poly students
began work with Quail Springs to perform earthquake tests on cob walls [14]. Cob is a
type of earthen building material that consists of earth and plant fibers, like straw. The
benefits of cob are that it is cheap, a great thermal insulator, and it uses local materials
9

[15]. Cob is currently not a legal building material, and no progress can be legally done
because of a lack of testing data on cob walls. The goal of Cal Poly and Quail Springs
project is to gather the data necessary to petition to make cob walls legal in an attempt
to provide a cheap and sustainable building material [14].

2-3: An Educational Program on Using Cob at Quail Springs [16]
The history of working with Cal Poly and the focus on sustainable choices makes
Quail Springs a great partner for the DC House Project. Quail Springs specializes in
permaculture and natural building, while the DC House Project specializes in technical
knowledge of power systems and power electronics. Quail Springs offers a unique
opportunity for the DC House Project to test the efficacy of residential DC electricity in a
community where people are actively choosing to live without access to utility supplied
power. In contrast, the DC House prototype on Cal Poly’s campus is not inhabited.
10

Although valid data is gathered from this prototype, much more complete and relevant
data could be gathered if somebody were actually living there and relying solely on the
power generated from renewable sources.
There are several different homes within Quail Springs. One of the residences
which currently receives power from roof top solar panels has been having the issue with
unreliable power, and having the energy storage depleted relatively quickly especially in
the cloudy season which causes the house to go without electricity until there is enough
sunshine to recharge the battery. Additionally, the current resident plans on having more
loads such as an electric stovetop and lightings. This implies the need for expanding the
current electrical system inside the house.
This thesis aims to design electrical system for the aforementioned house at Quail
Springs that provides reliable electricity to the house while enabling ease of expansion
from the present system to include more future loads in the house. The current system
will be assessed and studied, including the power system, energy storage, and the
electrical loads of the house. Different design options which include a complete DC
electrical system, a hybrid AC/DC electrical system, and a purely AC electrical system will
be offered to determine which approach yields the most efficient, robust, and cost
efficient system for the house.
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- DESIGN REQUIREMENTS
This chapter details the design requirements of this thesis. This can be broken up
into two sections. The first is a complete analysis of the current situation of the house in
Quail Springs. This includes detailing the current electrical system and electrical loads, as
well as potential future loads that could be added to the system to meet the tenant’s
needs. The second section shows the requirements for the complete electrical system
design. This includes technical design and cost analysis of the proposed system design.
3.1 Analysis of Current Situation
A full analysis of the current situation of the house at Quail Springs will be
performed to provide a starting point for this project. The current system will be analyzed
to see what equipment is salvageable and what equipment needs to be replaced or
improved. The total amount of available solar generation is especially important to know
because it limits the allowed power consumption of the system. It is also crucial to collect
exact information on all existing and future electrical loads to accurately estimate
expected power consumption in the house. Each load will be assigned a power
consumption in Watts for both the AC version of the load and their DC equivalent.
3.2 Electrical System Design
Once the analysis of the current situation is complete, the new electrical system
can be designed. Three different designs will be considered:
•

A fully AC design

•

A fully DC design
12

•

A hybrid design with both AC and DC power distribution

The overall efficiency of each design will be determined through simulation. The Level 0
and Level 1 block diagrams for the system are shown in Figure 3-1 and Figure 3-2,
respectively.

3-1: Level 0 Block Diagram

3-2a: Fully AC Level 1 Block Diagram

3-2b: Fully DC Level 1 Block Diagram

13

3-2: Hybrid AC/DC Level 1 Block Diagram
The battery bank will be sized for voltage as well as capacity. The voltage of the
battery system will be chosen to optimize efficiency and minimize cost. The capacity of
the battery will be chosen to provide uninterrupted operation of the electrical system
based on photovoltaic system design and total expected daily energy use in the house.
Other devices such as inverter and DC-DC converters will be sized to supply power to the
chosen AC and DC loads.
The total cost is a limiting factor for the design. According to [17], the money that
Quail Springs raises from its programs only covers about 50% of their expenses. Since
Quail Springs is an off-the-grid community, there are no savings associated with designing
a more efficient residential electrical system. The only return on investment is the
comfort and convenience that it brings the tenant of the house. An accurate estimation
of the total cost of the designed system is crucial to ensure that the proposed design is
feasible. It may be necessary for some improvements, such as a larger battery bank, to be
made at a future time when more funds are available.
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3.3 Summary of Design Requirements
The following table shows a summary of the design requirements for this project.
Table 3-1: Summary of Design Requirements
Design Requirements
Parameter

Specification

Load Profile

Accurate estimate of expected energy use

DC System

Percent of total system for highest efficiency

AC System

Percent of total system for highest efficiency

Battery and Photovoltaic System Provide continuous operation of all loads
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- SYSTEM ANALYSIS
This chapter covers the design of the electrical system for the house at Quail
Springs. The first section will cover the analysis of the current system. The second section
will include a load profile for the house as well as PV System Sizing.
4.1 Analysis of Current System
This section provides a detailed description of the current system in place at the
house in Quail Springs. This includes the power generation, energy storage, power
electronics, system protection, and other miscellaneous components.
4.1.1 Generation
The only source of power for the house in place currently is an array of four solar
panels mounted on the roof as shown in Figure 4-1. There is ample area remaining on the
roof for installation of future solar panels to increase the total amount of energy being
generated.
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4-1: South walls of the house showing solar panels
Information on these solar panels was requested of the Quail Springs staff but was
never received; hence, it is unknown. Therefore, to move forward with the initial system
analysis, a few estimates will be made about the current solar panels based on their
physical size. Each solar panel mounted on the roof has 36 cells, and the residents of Quail
Springs claim the solar panels are 10 years old. A similarly sized solar panel that was sold
by Sunergy Works has a rated maximum power of 165 W [18]. The datasheet for the
Sunergy Works solar panel guarantees 90% efficiency after 12 years of use. Based on this
information, the solar panels installed on the house are estimated to be rated 165 W,
with an effective maximum power at 90% of the rated power, or approximately 150 W.
There are additionally 9 solar panels in storage that could be used as a source of
future generation for this project. Limited information is available online about these
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panels because they have been discontinued. However, based on the copyright
information on a datasheet, these panels are approximately 15 years old. Additionally,
Figure 4-2 shows each of these panels is rated 167 W.

4-2: Nameplate data for solar panels in storage
4.1.2 Energy Storage
The energy storage for the system consists of six US125 XC2 flooded lead acid
batteries. These batteries are rated at 6V and 242 Amp-Hours. The batteries are
connected in two sets of three parallel batteries that are connected in series, resulting in
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an output voltage of 12V and an energy storage capacity of 726 Amp-Hours or 8712 WattHours. This configuration is shown in Figure 4-3.

4-3: Original Configuration of Battery Bank
It is important to understand that this 726 Amp-Hour rating is for the 20-hour
rating. This means that the capacity of the battery is 726 Amp-Hours if the battery is
supplying a load that will fully deplete the battery in 20 hours. In this case, the battery
system will have a 726 Amp Hour rating if it is supplying a load of 36.3 Amps (726 Amp
Hours divided by 20 hours) or 435.6 W. This is important to know because the higher the
current draw of the batteries, the lower their actual capacity is. If an excessive amount of
load is added to the battery system, the total capacity will significantly drop.
4.1.3 Power Electronics
The power electronics for the system currently consist of a charge controller, an
inverter, and a battery monitoring system.
The charge controller currently being used is a Trace C40 40 Amp Solar Charge
Controller as shown in Figure 4-4. The Trace C40 has three different operating modes:
19

photovoltaic charger mode, diversion load mode, and load controller mode. In the
present system, it is being used in photovoltaic charger mode. This means controller
connects the solar panels to the battery array and controls the rate at which the batteries
charge and protects the batteries from the widely varying output of the solar panels.
Many solar chargers act as both a charge controller and load controller simultaneously;
however, the Trace C40 can only serve one of those functions at a time. In this application
it is only being used as a charge controller.

4-4: Trace C40 Charger
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Based on the site visit to the house, an immediately obvious issue with this charge
controller is that it is mounted outdoors without a proper enclosure. The Trace C40 is
designed for indoor mounting only and if used outdoors requires a waterproof enclosure
[19]. This is both a safety and reliability concern and will have to be addressed with the
changes that are made to the system. Figure 4-5 shows the amount of dirt that has
accumulated within the charger’s case.

4-5: Trace C40 with Front Panel Removed
21

The inverter that is currently in use is a Samlex PST-600-12. This is a 600 W inverter
that takes a 12 VDC input and outputs 120 VAC RMS. At no load, the inverter consumes
roughly 7 W of power.
A Bogart TriMetric 2020 Battery System Monitor is used to monitor the battery
system for the house. The Trimetric 2020 monitors and displays “percent full” or state of
charge readings, voltage ratings, current load on the batteries, and number of days since
the batteries have been fully charged. This information helps users understand their
energy storage, how much energy they are using, and how to best maintain the health of
the system.
Figure 4-6 shows the complete single line diagram of the existing electrical system
of the house.

4-6: Single Line Diagram of Existing Electrical System
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4.2 Electrical Loads
This section will provide a breakdown of the electrical loads that are currently
connected to the electrical system of the house, as well as potential future loads that
could increase the quality of life for the resident of the house. It is important to accurately
estimate the total energy usage in the house to properly size the system. Conservative
estimates will be made for each device for power consumption and estimated time of use
per day. Power consumption estimates will be made based on readily available consumer
goods that can be found in stores or online. It will also be noted whether each load has a
DC equivalent load. In any case, the DC equivalent load will be assumed to have the same
power consumption requirements as their AC counterparts unless otherwise noted.
Existing loads in the house are minimal. They consist of lighting, satellite modem,
telephone, laptop charging, and a small radio/CD player. There are currently about 10
lights installed in the house, each consumes about 10 W of power and is being used for
approximately 7 hours a day. The satellite modem is always operating, and they draw a
constant 40 W of power. The telephone is quite a minimal load of 3 W. The laptop typically
requires 75 W when being charged. This is a conservative estimate and is closer to the
peak power consumption when the laptop is charging from a dead battery, but this value
will be used to account for the fact that the current resident often powers some devices
from the USB ports of the laptop. The radio/CD player consumes about 15 W and they are
typically used for 2 hours a day.
A summary of the existing electrical loads is shown in Table 4-1. Figure 4-7 shows
a graph of power usage by hour of the day.
23

Table 4-1: Summary of Existing Loads
Estimated Hours of Use Per
Load Type

Power (W)
Day

Lights (10)

10

7

Satellite

40

24

Phone

3

24

Laptop Charging

75

6

CD Player

15

2

Inverter

7

24

Modem

+

24

4-7: Existing Load Profile
From the bar graph shown in Figure 4-7, we can see that the highest power
consumption is roughly 240 W, which is well within the rating of the inverter. The total
energy consumed in a day is equal to about 2405 Wh.
It is now important to consider future electrical loads in the house that the current
resident is planning to add. Some potential future loads are a small electric stovetop, a
small fridge, a water heater, a speaker system, and a fan.
Adding an electric stovetop would replace the current propane stove that is
currently being used. Unfortunately, even a small electric stovetop consumes a large
amount of electric power. For example, a small electric burner can use as little as about
1000 W. This alone would be larger than the rating of the inverter. However, if the
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inverter rating is increased and the stovetop is used sparingly, the system could likely
handle the additional load. The stovetop is assumed to have 30 minutes of use a day.
A small fridge would be helpful to preserve food and prevent additional drives into
town to restock. A 10 cubic foot fridge/freezer will consume about 30 W on average and
it will be constantly running.
The smallest electric water heater consumes close to 2500 watts and it can
provide only sufficient heating for a small sink. This would be an exceptionally high load
on the system for a small improvement in quality of life. Adding an electric water heater
is not recommended for this project. There are other potential solutions for water heating
such as solar water heaters that could provide hot water in an environmentally friendly
way. However, this will not be discussed in this thesis because switching from a gas water
heater to a solar water heater has no effect on the electrical systems of the house.
There already exists a speaker system in the house consisting of two speakers
mounted on the wall. They are currently not in use, but the current resident would like to
use them. Assuming that these speakers are in working condition and are easily powered,
they will consume about 25 W of power and will be assumed to be in use for two hours a
day.
The final additional load to be considered is a fan which will keep the current
resident cool during the summer time and help dry the paintings that the current resident
is producing in the house. A 20-inch box fan consumes about 75 W at full power. A 16inch pedestal fan consumes about 50 W. For this analysis, we will assume that one of each
type of fan will be used, and they will each run 2 hours a day.
26

Table 4-2 shows a summary of the potential future loads at the house. Figure 4-8
shows a graph of expected power usage by time of day.
Table 4-2: Summary of Potential Loads
Load Type
Small Stovetop

Power (W) Estimated Hours of Use Per Day
1000

0.5

Small Fridge

30

24

Speaker System

25

2

Pedestal Fan

50

2

Box Fan

75

2

The expected future load profile for the daily power consumption of the house is
an additional 1520 Watt-hours per day, resulting in a total daily consumption of
approximately 3900 Watt-hours a day including the existing load as illustrated in Figure
4-8. The peak possible power consumption is 1420 Watts. This value will be very
important in sizing equipment for the electrical system of the house.
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4-8: Existing and Future Load Profile
4.2.1 DC Load Determination
The next factor of the system that must be examined is which loads can reliably
be run on DC power. While it is technically possible to run all existing and proposed loads
on DC power, it may not be recommended for certain sensitive electronics. For example,
a laptop is charged using DC power provided from a power supply that converts AC to DC
power. This means that you can charge a laptop directly from a DC power source that is
rated at the correct voltage and current for the battery. However, the provided laptop
power supply is designed to optimally charge a laptop and protect it from damage during
charging. Therefore, unless there is already a commercially available DC-DC converter
with similar charging functionality as the laptop AC power supply/adapter then we would
not recommend charging a laptop directly from a DC bus.
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Another consideration is that products that run directly on DC power are not very
common. Many of these devices are designed for use in RVs or boats. Because these
products are in a niche market, there is not much selection, or they potentially cost more.
Loads that should be considered for use in a DC system are the lights and the
refrigerator. These loads both take a significant amount of power and are the ones mostly
used daily. In addition, with the more prevalent use of LED light bulbs which internally run
on DC power, it makes the most sense to operate the LED lights directly from a DC bus.
Doing so will eliminate the intermediate AC to DC conversion process which reduces loss
and thus, decreases power consumption.
Any further increase in efficiency in the electrical system would be desired and
highly valuable. Some modems can run from a DC power source; however, the Viasat
Modem user guide explicitly states not to use any power supply other than the provided
Viasat power supply [20]. Table 4-3 shows a breakdown of which loads should be
considered to run on DC vs. AC.
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Table 4-3: Load Classification for the System
Modem
Load

+

Laptop

CD

Small

Small Speaker Pedestal Box

Type Lights Satellite Phone Charging Player Stovetop Fridge System

Fan

Fan

X

X

AC
Only

X

X

X

X

X

X

AC
or
DC

X

X

Based on this analysis of the existing and proposed loads, a purely DC system will
not be recommended because it can cause damage to sensitive electronics and lacks the
flexibility that an AC power system provides. Therefore, a purely DC electrical system will
not be discussed any further in this thesis.
4.3 Photovoltaic System Analysis
This section will provide overview on the currently installed PV system, as well as
an analysis of a PV system including the additional panels available on the site. The
expected solar energy produced will determine if the system is adequate to reliably
support the proposed future loads. The program used to analyze the PV system is called
PVWatts Calculator by the National Renewable Energy Laboratory [21]. This is a free webbased program that provides a quick and accurate method of estimating the expected
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total energy production of a given photovoltaic system. PVWatts gives a high-level
estimation of monthly and yearly energy production and provides Excel files detailing
hourly solar energy estimates. Worst case estimates for energy production will be found
by looking at the month of December, which is the time of year with the least amount of
solar insolation in the US.
The first step of the solar analysis is to input the location of the system. Latitude
and longitude were found for the Quail Springs site using Google Maps. PVWatts uses
National Solar Radiation Database for this location to calculate the expected solar
radiation on any given day. The location of Quail Springs is shown in Figure 4-9.

4-9: Quail Springs Location on Google Maps
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The next step is to provide details of the solar panels in the system. Earlier in this
chapter the existing system approximately uses four 165 W solar panels that are
approximately 10 years old. The system losses are mostly left at their default values,
except for the age factor which has been conservatively estimated to be a 10% loss in
efficiency. The system information is summarized in Figure 4-10 and Figure 4-11. Figure
4-12 shows the results of the PVWatts Calculator.

4-10: System Information for Existing PV Array
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4-11: System Losses for Existing PV Array

4-12: Expected Yearly Energy Production for Existing PV Array
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As expected, the month with the lowest expected AC energy production is
December with a total AC energy production value of 72 kWh, or a daily average of 2.3
kWh. The hourly estimates for energy production show that some days produce as little
as 640 Wh of energy produced in a day. Another factor to take into consideration is that
the house is situated directly west of a small ridge that would shade the house for the last
couple of hours of the day in the winter. This means that actual energy production is likely
significantly less than what is shown in this calculation. This explains why although the
average energy production exceeds the expected energy use per day, the house still has
issues in the winter with depleting the charge of the battery.
Similar analysis is performed for the 9 additional solar panels that are currently in
storage. The additional solar panels are each rated at 167 W. Although they appear to be
much older than the other panels, they have been in storage for much of this time so it
will be assumed that they have a similar degradation in efficiency due to age.

34

4-13: System Information for Additional PV Panels
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4-14: Expected Yearly Energy Production for Additional PV Panels
The lowest production month is December again as expected with a total 162 kWh
produced, or an average of 5200 Watt-hours per day. This would be more than sufficient
to accommodate the existing and proposed loads which were calculated to consume 4900
watt-hours a day.
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- SYSTEM DESIGN AND RECOMMENDATION
This chapter will cover the design considerations for the system. The first section
will cover preliminary design considerations, including system component sizing and
selection. The second section will consist of simulations to find the overall efficiency for
each proposed design. The third section will cover cost considerations for each design.
The chapter will conclude with a final design recommendation for the system.
5.1 Preliminary Design Considerations
This section will take into consideration the system analysis performed in Chapter
4 to make preliminary design decisions. Some of these considerations may not apply
depending on whether the final proposed system is fully AC or a hybrid AC/DC system.
5.1.1 Component Sizing
The full solar power potential is not being used at this site. It is recommended that
the 9 solar panels currently in storage are put into use. The recommended configuration
for these panels is three parallel sets of three solar panels in series. This provides a total
power rating of 1500 W, a total open circuit voltage of 86.7 V, and a total short circuit
current of 24.48 A. Since no information has been provided on the currently mounted
solar panels, they will not be considered as part of the proposed design. However,
depending on the specifications of these panels, they may be able to augment the
capacity of the total photovoltaic array.
Under the current design, the charge controller is undersized. The Trace C40
charge controller is rated for 40 A continuous charging. With the existing 12 V battery
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system, the top continuous battery charging that the charge controller can handle is 480
W. This is much lower than the power that could be potentially generated by the
proposed PV array, and could be remedied by increasing the voltage of the battery
system. The Trace C40 charge controller can charge 12 V, 24 V, or 48 V battery systems.
Unfortunately, the quantity and voltage of the existing batteries does not allow for a 24
V or 48 V system. Two potential solutions exist. If two additional batteries are added to
the system, the batteries configured in series would provide a 48 V battery system. With
this battery configuration, the charge controller could provide a continuous rate of 1920
W. This is more than the maximum power rating of the PV array, so battery charging
would never be limited by the charge controller. The second option is to connect all six of
the current batteries in series resulting in a total system voltage of 36 V. This would not
require buying any new batteries, but the C40 charger cannot be configured for 36 V. This
would necessitate a 36 V rated inverter and charge controller. This is not as common of a
size as 48 V, so the selection of devices would be limited.
The existing inverter is 600 W. This is not sufficient to power the proposed added
loads. It is recommended to select a new inverter that has a rating of at least 1500 W.
The DC subsystem of the hybrid AC/DC system requires a new DC/DC converter
that must be capable of running the lights and refrigerator at full load, or 175 A. To
provide extra capacity and avoid accidentally tripping or damaging the DC/DC converter,
a rating of at least 250 W is recommended.
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5.2 Efficiency Simulation
Simulation is a crucial part of many new designs. It makes validation of systems
possible without having to physically implement them first. For this thesis, simulation
makes it possible to more accurately predict the efficiency of the hybrid AC/DC system
compared to the efficiency of the AC only system, without having to go through the
expensive and time-consuming process of building the new electrical system.
The software used to simulate this project is PSCAD. PSCAD is a software created
by Manitoba Hydro International that performs transient analysis of complex power
systems [22]. It features an intuitive graphical interface and large library of examples that
can be used as building blocks for a new design.
The goal of the simulation in this project is to compare efficiencies of the proposed
purely AC system and hybrid AC/DC system. The battery, inverter, DC/DC converter and
loads are the crucial components to simulate for performance comparison of the two
systems. The difference in efficiencies of the two design approaches is independent of
the solar panels and solar battery charger. These components are not included in the
simulation in order to simplify the model and reduce the run time of each simulation.
The starting point for this simulation is an example from the PSCAD Knowledge
Base titled “Single-Phase Battery System” [23]. This example consists of a battery, a
buck/boost converter that controls whether the battery is in charging or discharging
mode, an inverter, and a load. The high-level schematic of the PSCAD example is shown
in Figure 5-1.
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5-5-1: High Level Schematic of Single Phase Battery Example [23]
This example is intended for battery systems with a minimum voltage of 150 V and does
not include a dedicated DC/DC converter for DC loads. In order to use this example for
this thesis, the following modifications must be made:
•

A new 48 V battery model

•

A new DC/DC converter model that will accept 48 V input

•

A DC/DC converter must be added to serve a DC load for hybrid AC/DC system
simulations

•

Both AC and DC cable resistances must be added

5.2.1 Battery Model
A simple model of a lead-acid battery is a voltage source with an internal
resistance [24]. The internal resistance of a battery is not constant with or even
proportional to load current. However, to simplify this simulation a conservative, constant
value of 0.1 ohms will be used for internal resistance of a battery [24]. The model for a
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battery in this thesis will consist of a DC voltage source with an internal resistance
attached to the output of the battery as shown in Figure 5-2.

5-2: Simplified Battery Model
5.2.2 DC/DC Converter Model
The DC/DC converter included in the single-phase battery example is a
complicated buck/boost converter that allows for modeling both charging and
discharging of a battery [23]. When attempting to run this DC/DC converter model in
discharging mode with a 48 V battery input, the converter would not run. This is likely
because the original model is intended for higher voltage battery systems and higher
power consumption to simulate a full depth battery discharge within 50 seconds.
The new DC/DC converter used refers from an example provided by PSCAD
Software Support [25]. This is a simpler boost converter model with a PI converter that
can be used to model both the inverter and the DC/DC converter for the DC load. The
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schematic for the new boost converter model is shown in Figure 5-3.

5-3: Boost Converter Model
5.2.3 Simulation Component Calculations
It is necessary to size the components of these generic models according to the
specifications of the system at Quail Springs. The components that need to be sized
include the inductor and capacitor for each DC/DC converter, the AC cable resistance, and
the DC cable resistance.
The inductors and capacitors of the boost converter must be sized properly. The
inductor is sized to keep the boost converters in continuous conduction mode and the
capacitors will be sized to keep voltage ripple below 1%.
The boost converter used for the inverter in this simulation has an input voltage
of 48 V and output voltage of 180 V. The switching frequency of the boost converter is
50000 Hz. The minimum AC load occurs when only the satellite modem, phone and
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inverter are on, consuming approximately 50 W. This results in a minimum current draw
of 0.28 A. The maximum load occurs when the inverter is at full load, supplying 1500 W
and resulting in a maximum output current of 8.3 A. Equations (5-1), (5-2) and (5-3) show
the calculations used to calculate the value of inductance and capacitance [26].
D = 1−

L>

CO =

Vin ∗(1−D)∗D
2Io_min ∗fsw

Vin
48
=1−
= 0.73
Vout
180

=

48∗(1−0.73)∗0.73
2∗0.28∗50000

= 337.9μH

D ∗ IO_max
0.73 ∗ 8.3
=
= 68μF
fsw ∗ Vout ∗ %Vripple 50000 ∗ 180 ∗ .01

(5-1)

(5-2)

(5-3)

L = inductance (Henrys)
Vin = Input Voltage (Volts)
D = Duty Cycle
Io_min = Minimum Output Current (Amps)
fsw = switching frequency (Hertz)
Vout = Output Voltage (Volts)
%Vripple = Output Voltage (Volts)

The calculations result in a minimum inductance of 337 µH and a minimum
capacitance of 68 µF. However, when implementing these values in the simulation, the
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output voltage of the boost converter became unstable, likely due to the inverter
connected to its output. To resolve this, the inverter example’s recommended
capacitance value of 3900 µF is used.
The boost converter for the DC load has an input voltage of approximately 47 V,
which accounts for voltage drop due internal resistance of the battery. The output voltage
is 48 V with the switching frequency of 50000Hz. The minimum DC load occurs when only
the refrigerator is running, consuming about 30 W. This results in a minimum current
draw of 0.625 A. The rating of the boost converter is 250 watts, resulting in a maximum
output current of 5.2 A. Equations (5-4), (5-5) and (5-6) result in a minimum inductance
of 15 µH and minimum capacitance of 4.5 µF.
D=1−

L>

CO =

Vin ∗(1−D)∗D
2Io_min ∗fsw

=

Vin
47
=1−
= 0.0208
Vout
48

48∗(1−0.0208)∗0.0.028
2∗0.625∗50000

= 15.64μH

D ∗ IO_max
0.0208 ∗ 5.2
=
= 4.5μF
fsw ∗ Vout ∗ %Vripple 50000 ∗ 48 ∗ .01

(5-4)

(5-5)

(5-6)

A series resistor is added to each inductor to account for copper losses. The
inductor used in the inverter has a resistance of 100 mΩ, while the inductor used in the
DC/DC converter uses a resistance of 20 mΩ. These resistance values come from a
datasheet for inductors from Abracon [27].
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In order to calculate the resistance of the AC and DC cables, it is necessary to first
size them. The AC cable size is based on the expected load and size of the inverter. The
Samlex 48 V 1500 W inverter recommends a minimum size 12 AWG wire for the AC output
wiring [28]. The length of wire for resistance calculations will be computed as the length
to the furthest load in the house, which would require approximately 50 feet of wire to
reach. According to the National Electrical Code (NEC), 12 AWG copper wiring has a
resistance of 1.98 Ω/kFT [29], resulting in a resistance of 0.099 Ω in the AC wiring.
The DC wiring will also be #12 AWG to match the AC system and possibly utilize
the existing AC wiring in the space to feed the DC loads. Similar to the AC wiring, the DC
wire length will be the length to the furthest load, or 50 feet, resulting in a resistance of
0.099 Ω.
The modified simulation, with calculated values is shown in Figures 5-4 and 5-5.

5-4: AC Only Simulation Model
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5-5: Hybrid AC/DC Simulation Model
5.2.4 Converter Efficiency Simulation
The first simulation performed was a comparison of efficiencies of the DC/DC
converter and the AC/DC converter. Efficiency of each was calculated by dividing the
output of the converter by the input power. Input and output powers of each converter
are defined in Figure 5-6.

5-6: Converter Efficiency Model
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Each converter was measured from 10% to 100% load in steps of 10%. The DC/DC
converter was measured based on the full load rating of the inverter, or 1500 W, to fairly
compare converter efficiencies more thoroughly. The results of the simulation are shown
in Table 5-1 and Figure 5-7.
AC Load

AC Converter Efficiency

DC Load

DC Converter Efficiency

(%)

(%)

(%)

(%)

3.33%

40.27%

3.33%

45.90%

9.99%

66.19%

9.94%

71.78%

19.96%

78.36%

19.75%

83.10%

29.91%

82.97%

29.45%

87.36%

39.83%

85.06%

39.03%

89.44%

49.74%

86.00%

48.50%

90.60%

59.63%

86.31%

57.86%

91.29%

69.49%

86.20%

67.14%

91.74%

79.34%

85.81%

76.30%

92.05%

89.17%

85.20%

85.69%

92.27%

94.33%

84.84%

94.35%

92.43%

Table 5-1: AC and DC Converter Model Efficiencies
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5-7: AC and DC Converter Model Efficiencies
The results of this simulation show that at every load percentage, the DC/DC
converter is approximately 5% more efficient than that of the AC/DC converter. This
supports the theory behind this thesis, that using DC subsystems can result in significant
increases in efficiency in systems that have a DC source of power.
5.2.5 Line Loss Simulation
The next simulation measured the difference in line losses between the AC and
DC wires. Power into and out of the DC and AC wiring were measured and shown as
percentage of output power. The results of this simulation are shown in Table 5-2 and
Figure 5-8.
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Table 5-2: Line Losses
AC Load

AC Line Loss

DC Load

DC Line Loss

(%)

(%)

(%)

(%)

3.33%

0.03%

3.32%

0.21%

9.99%

0.10%

9.87%

0.64%

19.96%

0.21%

19.50%

1.29%

29.91%

0.31%

28.89%

1.93%

39.83%

0.41%

38.05%

2.58%

49.74%

0.52%

46.98%

3.22%

59.63%

0.62%

55.71%

3.87%

69.49%

0.72%

64.24%

4.51%

79.34%

0.82%

72.55%

5.16%

89.17%

0.93%

80.97%

5.82%

94.33%

1.03%

88.64%

6.45%

49

5-8: Line Losses vs. Load percentage for AC and DC Converters
The results of this simulation show that the DC subsystem has significantly higher
line losses than the AC subsystem. This is because the DC subsystem has a voltage of 48
V compared to the 120 V of the AC subsystem. Lower voltage results in higher current,
which results in higher resistive losses. The difference in line loss becomes more
significant with higher loads. This shows that lower voltage DC systems are not as efficient
for applications with high load or long wire runs.
5.2.6 Pure AC Simulation
The next simulation measures the total efficiency of a purely AC system, from 10%
load to 100% load in steps of 10%. Full load is considered to be 1500 W. An additional
measurement was taken at 3.33% load, or 50 W load, because this is the minimum load
of the AC system. The results of the simulation are shown in Table 5-3 and Figure 5-9.
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Table 5-3: AC System Efficiency

Load (W)

Load

Efficiency

(%)

(%)

49.96

3.33%

40.01%

149.68

9.98%

65.44%

298.75

19.92%

76.85%

447.20

29.81%

80.71%

595.04

39.67%

82.03%

742.28

49.49%

82.20%

888.91

59.26%

81.71%

1034.94

69.00%

80.81%

1180.37

78.69%

79.62%

1325.21

88.35%

78.19%

1400.47

93.36%

77.37%
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5-9: AC System Efficiency
This data shows that the AC system is most efficient at 40-50% load or 600-750
W. These results will be compared to the simulation of the hybrid system to compare
efficiencies at different loads.
5.2.7 Hybrid AC/DC Simulation
The next simulation measures the efficiency of a hybrid AC/DC system. This is
more complex because it is necessary to vary both the AC and DC loads to measure their
effect on efficiency. To achieve this, two sets of simulations were run. In the first set, AC
load values were held constant and DC load was swept. The second set was the inverse,
DC load values were held constant and AC load was swept.
Four simulations were run for the first set of simulations, one for 100% AC load,
75% AC load, 50% AC load and 25% AC load. For each simulation, DC load was varied
from 20% to 100% load in steps of 20%. Full AC load is considered to be 1500 W and full
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DC load is considered to be 150 W. The results of this set of simulations are shown in
Table 5-4 and Figure 5-10.
Table 5-4: Hybrid System Efficiencies at Constant AC Load
100% AC

75% AC

50% AC

25% AC

DC Load

DC Load

Load

Load

Load

Load

(W)

(%)

Efficiency

Efficiency

Efficiency

Efficiency

(%)

(%)

(%)

(%)

29.92

19.95%

75.40%

77.52%

77.82%

72.09%

59.70

39.80%

75.63%

77.84%

78.48%

73.33%

89.32

59.55%

75.69%

78.00%

78.83%

74.38%

118.79

79.19%

75.76%

78.13%

79.14%

75.28%

148.11

98.74%

75.81%

78.24%

79.39%

76.06%
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5-10: Hybrid System Efficiencies at Constant AC Load
The results of this simulation show that the DC load has little effect on the overall
system efficiency at high AC load values. This is because the full AC load is much higher
than the full DC load. The second set of simulations provides much more information on
the efficiency of the hybrid system.
Four simulations were initially run for the second set of simulations, one each for
100% DC load, 75% DC load, 50% DC load and 25% DC load. Additionally, a fifth
simulation was run for a DC load of 250 W, or full rating of the DC/DC converter, to
examine the effect of adding more DC load. For each simulation, AC load was varied so
that the sum of AC and DC load were equal to 20%, 40%, 60%, 80% and 100%. For 75%,
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50% and 25% DC load, an additional efficiency measurement was taken at 10% total
load. The results of this set of simulations is shown in Table 5-5 and Figure 5-11.
Table 5-5: Hybrid System Efficiencies at Constant DC Load

5-11: Hybrid System Efficiency at Constant DC Load
The results of this simulation show that the hybrid system proposed is not more
efficient than the pure AC system when supplying both AC and DC loads. The reason for
this is that the full DC load is much lower than the full AC load, so the DC load does not
have a large effect on the efficiency of the system at high loads. Also, at low loads the DC
and AC subsystem are both running at a lower load percentage than the total load being
served, resulting in a reduction in efficiency in both subsystems.
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The simulation does show that the system becomes more efficient with more DC
load. In fact, the 250-watt DC load simulation shows comparable efficiency to the pure
AC system and even slightly higher efficiency when supplying full load.
5.2.8 Pure DC Simulation
The final simulations run measured the efficiency of the hybrid AC/DC system
when there is no AC load. The DC load was varied from 10% to 100% in steps of 10%, with
an additional simulation at 250W load to examine the effect of adding additional loads.
The result of this simulation is shown in Table 5-5 and Figure 5-12.
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Table 5-6: Hybrid System Efficiency at 0% AC Load
Load

Load

Efficiency

(W)

(%)

(%)

14.98

9.99%

19.82%

29.92

19.95%

33.26%

44.83

29.88%

42.74%

49.80

33.20%

45.33%

59.69

39.80%

49.82%

74.52

49.68%

55.29%

89.31

59.54%

59.63%

104.06

69.38%

63.14%

118.78

79.19%

66.03%

133.46

88.97%

68.45%

148.10

98.73%

70.50%

244.76 163.17%

78.56%
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5-12: Hybrid System Efficiency at 0% AC Load
This simulation shows that this hybrid AC/DC system is clearly more efficient when
it is only powering DC loads. For example, when the hybrid system is supplying 150 watts
DC load only, the efficiency of the system is approximately 70.5% efficient, while the pure
AC system supplying the same load results in an efficiency of approximately 65.4%.
Similarly, the hybrid system is 45.33% efficient when supplying 50 watts DC load,
compared to 40.01% efficiency when the AC system supplies the same load. This
simulation shows the hybrid system to be greater than 5% more efficient at low load when
not supplying any AC load.
5.4 Cost Consideration
The total cost of the final design is a limiting factor. The cost for the design is
determined by the total cost of the electrical components that will need to be added to
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the system to complete the design. It may not be worth it to implement the most efficient
system design if it requires significantly larger installation cost, especially because there
are no monetary benefits to building a more efficient system.
The cost of expanding the battery system consists of the cost of two new, 6 V
batteries, that match the existing batteries at the site. This cost applies to both the purely
AC system and the hybrid system. Pricing for the exact model of battery currently in use,
the US125 XC2, is not readily available online. A similarly rated, 6 V 235 AH battery that is
suggested as a replacement for the US125 XC2 on Batteries Plus website costs $150 [30].
Similarly, the inverter in both proposed designs must be replaced with a 1500 W
rated inverter. A 48 V, 1500 W Samlex Pure Sine Inverter can be purchased for $472 from
Boat and RV Accessories [31].
Existing wiring in the house can be utilized to feed most of the proposed new AC
loads, because the existing system already has electrical outlets at each location that new
loads would be added. The only new AC load that would require additional wiring is the
additional lighting. As mentioned in the simulation sections, the furthest lighting load is
approximately 50 feet away. To account for additional wiring necessary to branch wiring
to additional lights and light switches, a conservative estimated wiring length of 100 feet
will be used for the lighting system. One hundred feet of 12 AWG, 2 conductor Romex
cable can be purchased for $37.50 at Home Depot [32].
New wiring for the hybrid system consists of the same lighting wiring as the AC
system, as well as an additional estimated 20 feet of wiring for the DC refrigerator. This
results in an overall required wiring length of 120 feet. The next length available for
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purchase from Home Depot is 250 feet for $53 [33], which is more than enough to cover
the additional DC wiring.
The DC subsystem of the hybrid system requires an additional DC/DC converter
on the output of the battery and a DC breaker. A Victron 280 W 48 V DC/DC converter can
be purchased for $115 from InverterSupply.com [34]. A Schurter TA45 7 amp toggle
switch DC breaker can be purchased from Mouser for $27 [35].
A Frigidaire AC powered 5 cubic foot chest refrigerator/freezer can be purchased
from Sears for $260 [36]. In comparison, a 5.2 cubic foot refrigerator/freezer that is
designed to run off DC power generated from solar panels is sold by a company called
SunDanzer for $800 [37]. This is a large increase in cost for the refrigerator alone. This
cost difference is large, but a refrigerator runs at all hours of the day so it would be highly
beneficial to gain any amount of efficiency in its operation.
The price of AC powered LED light bulbs have significantly dropped in the past
years. A pack of 24 LED bulbs that are each rated at 800 lumen output costs $23.50 on
Amazon [38]. DC powered LED light bulbs from the company Watt-A-Light with a rated
output of 950 lumens cost $185 for a pack of ten [39]. This is a significant increase in price
per light bulb, but considering lighting is one of the largest consumers of energy in the
house, it could be considered a worthwhile investment.
The remaining proposed new loads are AC loads, which are applicable to both the
purely AC system and hybrid system. A 1000-watt electric cooktop costs approximately
$20 at Home Depot [40]. A 20-inch box fan can be purchased for $18 at Walmart [41], and
a 16-inch pedestal fan can be purchased from $20 from Home Depot [42].
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A summary of the total system costs is shown in Table 5-6. The total estimated cost for
the AC system is $1,229. The total estimated cost for the hybrid system is $2,088. The
hybrid system costs approximately 70% more than the purely AC system.
Table 5-7: Cost Comparison of Proposed Systems
Load Type

AC Only

AC/DC Hybrid

Electric Cooktop

$20.00

$20.00

Pedestal Fan

$20.00

$20.00

Box Fan

$18.00

$18.00

$260.00

$800.00

LED Lighting (10 bulbs)

$23.50

$185.00

Wiring

$37.50

$53.00

New Inverter

$550.00

$550.00

Additional Batteries

$300.00

$300.00

DC/DC Converter

N/A

$115.00

DC Breaker

N/A

$26.84

Total $1,229.00

$2,087.84

Refrigerator
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5.5 Design Recommendation
This section will detail the final recommendation for the power system design at
Quail Springs. The three factors considered in making the final design decision are:
reliability, efficiency and cost.
The reliability of the system is measured by its ability to provide power without
interruption. It is recommended to replace the existing solar array with additional solar
panels available at the site in order to generate more energy. The battery system should
be changed to a 48-volt system to allow for use of full capacity of the current charge
controller, provide additional capacity, and reduce line losses. Additionally, the inverter
must be upsized in order to meet future load demand.
The efficiency of the design is important because it reduces the energy required
to keep the system running. Increasing efficiency results in higher autonomy in the house
and less likelihood that the batteries will be completely depleted. The efficiency
simulations of this thesis showed that for higher loads, the difference between a pure AC
and a hybrid AC/DC system were minimal. The efficiency at lower loads was lower in the
hybrid system when supplying both AC and DC loads. However, the hybrid system was
significantly more efficient when powering only DC loads.
The only load that needs to be continuously running in the house, without
interruption, is the refrigerator, which can be a DC load. This means that in a hybrid
system, when the occupant of the house is only using the refrigerator and/or the lights,
the system is more efficient. This includes times when the occupant is sleeping or not at
the house, which covers a significant portion of the hours of the day.
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The next factor to consider is cost. The estimate cost to add a DC subsystem is
$2087.84, compared to $1229.00 for a pure AC system. This is an $860 or approximately
70% increase in cost. This is a significant, but not prohibitive cost if the result is a
significant increase in reliability and efficiency of the system. There is no return on
investment for the increased price of the DC subsystem because an increase in efficiency
will not result in a lower utility bill. The value added by implementing a more expensive
system would solely be greater efficiency and, in result, a higher chance of the system
being able to meet the energy demands of the resident.
There is not a clear correct choice to make between a pure AC and a hybrid AC/DC
system. The pure AC system is cheaper, simpler and more efficient at low load when both
AC and DC loads are running. The hybrid system is more efficient when just the lights,
refrigerator or both are running, which is a significant portion of the day.
The final factor to take into account is that Quail Springs is an educational
nonprofit devoted to educating others on ecological and social health [11]. Implementing
an experimental hybrid AC/DC power system to prove its efficacy aligns well with the goal
of the Quail Springs community. Even if the potential increase in efficiency is small,
implementing a hybrid power system can provide information and insights that could
make future hybrid power systems more efficient.
The final recommendation is to install the proposed hybrid AC/DC system. A single
line diagram for the final proposed design is shown in Figure 5-13.
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5-13: Single Line Diagram of Recommended Power System Design
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– CONCLUSION
The purpose of this thesis is to provide a design recommendation for an off-grid
residence in the Quail Springs community. The objective is to maximize efficiency,
comfort and reliability, while also minimizing cost. To achieve these goals the existing
power system was analyzed, existing and future load profiles were created, and available
photovoltaic generation was estimated. This analysis of the existing and future site
conditions was used to create a recommended design with the goal of optimizing the
performance of the system.
The initial analysis of the current system and proposed loads revealed several
improvements that could be made to the system. There are roughly 1500 watts of solar
panels in storage that can replace the current solar panels to double the amount of solar
energy produced. The battery bank should be augmented with two additional batteries
to create a 48-volt battery system to reduce line losses and allow the battery charger to
fully utilize the power produced by the photovoltaic system. The inverter has to be
upsized to a 1500-watt 48VDC/120VAC inverter to accommodate the proposed loads for
the house.
After the initial analysis of the system was complete, two different design
approaches were evaluated: a fully AC system and a hybrid AC/DC system. The difference
between the two systems is that the hybrid system includes a DC subsystem to power LED
lights and a DC powered refrigerator. Simulations in PSCAD showed a greater than 5%
increase in efficiency in the hybrid system when only powering the DC lights and
refrigerator, but a general decrease in efficiency when powering both AC and DC loads.
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Finally, a cost analysis was completed showing the hybrid system to have an
estimated cost that is $860 more than the pure AC system. This is a significant price
increase, but the hybrid system design was ultimately recommended based on the
potential efficiency gains and the goals of the Quail Springs community.
There are several different ways future work could stem from this thesis. The
obvious one is implementing the design at Quail Springs. This would involve coordinating
with the team at Quail Springs to select and purchase actual equipment, installation, and
implementing design changes throughout the construction process. This could be a
project that the DC House research group takes on.
Further work could also be done to get more accurate estimates of the efficiencies
of the hybrid system compared to the pure AC system. The PSCAD simulations were
sufficient for showing general trends of efficiency for each system, but it is unable to
model the exact inverter and DC/DC converter examined in this thesis. More realistic data
could be gathered by implementing a hybrid AC/DC power system in a lab or in one of the
existing DC house prototypes at Cal Poly. This would provide the ability to easily record
data and compare actual efficiencies of AC, DC and hybrid AC/DC system designs. This
would also be beneficial to the DC House Project because it would be much more
accessible than a system implemented in Quail Springs.
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